In cryptogenic epilepsy or when multifocal seizure onset is suspected, intracranial monitoring of the EEG is required. OBJECTIVE: To report on the adverse events related to electroencephalogram (EEG) intracranial recording in one of the largest pediatric series published and to discuss the avoidance of adverse events in our experience and with respect to a review of the literature. METHODS: A retrospective analysis of our department database and hospital charts of 95 children operated on between 1994 and 2009 was performed. RESULTS: Invasive recording was uneventful in 51.1% of cases. Observed frequency of infection was 14.9%, cerebrospinal fluid leak was 10.6%, brain swelling was 6.4%, and hemorrhage was 17%. Brain swelling was more frequent in older patients, whereas the length of recording, number of electrode contacts used, and presence of depth electrodes were not relevant. Cerebrospinal fluid leakage was completely prevented by the routine introduction of dural graft substitutes in 2003. CONCLUSION: Invasive recordings carry a noticeable rate of adverse events but provide invaluable information in delineating the epileptogenic zone. The low incidence of such events among younger children suggests that invasive recordings can be successfully performed with low morbidity in this age group.
A mong children with newly diagnosed epilepsy, 10% of the patients are at risk of developing early drug resistance, and among them, patients with cryptogenic or symptomatic epilepsy are at higher risk of becoming intractable. 1 Surgical resection of the epileptogenic zone is a highly effective treatment and should be considered in young patients to decrease the cognitive and psychosocial consequences of this chronic disease. 2 If a lesion is detected on magnetic resonance imaging (MRI) and is concordant semiologically and electrophysiologically, then a simple lesionectomy may be indicated. 3, 4 However, in cryptogenic epilepsy, dual pathology, or potentially multifocal seizure onset such as in tuberous sclerosis complex, 5, 6 intracranial recordings (depth electrodes or subdural grids) are required to localize the epileptogenic network and to map functional cortex to perform extensive, yet safe, corticectomies. Nevertheless, invasive electroencephalogram (EEG) recordings have known drawbacks, so the benefits in term of seizure localization must not be outweighed by an excessive rate of surgery-related complications. With this in mind, we performed a retrospective analysis of all children who had invasive recording at the Great Ormond Street Hospital for Children NHS Trust between 1994, when we began invasive recordings, and 2009.
Our main objective is to report the adverse events, which were recorded prospectively but reviewed retrospectively, and to discuss means to reduce the rate of adverse events both from our own experience and from a review of the literature.
MATERIAL AND METHODS

Patients
We conducted a retrospective study of all the children who underwent implantation of subdural grids and/or depth electrodes for presurgical evaluation of drug-resistant focal epilepsy at the Great Ormond Street Hospital for Children between 1994 and 2009. Institutional Review Board approval was obtained for the study.
All patients underwent prior noninvasive assessment with neurological and neuropsychological examination, morphological (and sometimes functional) MRI, single-photon emission computed tomography (CT), and video EEG monitoring.
The decision to perform intracranial recording of the EEG was made after multidisciplinary team case discussion and was indicated in cases of MRI-negative focal epilepsy, discordance between the imaging and electroclinical data, suspected multifocal epilepsy, and seizures arising from or adjacent to eloquent cortex requiring functional mapping of language or sensorimotor cortex. Seizure outcome after resection of the epileptogenic zone was determined with the Engel modified classification. 7 
Surgery Electrodes
Implantations were performed with standard commercially available electrodes (Dixi Microtechniques, Besanc xon, France, or Adtech Medical Instrumentation, Racine, Wisconsin). We used subdural grids (20-32-48 or 64 contacts, 0.7 mm thick, with a center-to-center distance of the contacts of 1 cm), in combination with subdural strips (6 or 8 contacts) and depth electrodes.
The type and number of electrodes used were chosen according to the cortical areas to be explored, after multidisciplinary team discussion, finally taking into account intraoperative findings. After careful analysis of the semiology of the seizures recorded during the video EEG, a hypothesis was made regarding the ictal onset zone, propagating networks, and eloquent cortex possibly involved in the epileptogenic zone.
Surgical Technique
Surgery was carried out under standard aseptic operative conditions with antibiotic prophylaxis (amikacin and flucloxacillin). Image guidance (Stealth-Station III, Medtronic, Minneapolis, Minnesota) was used in every case to allow precise electrode placement in accordance with the targeted lesion and/or cortical structures.
The surgical technique incorporated the use of linear scalp incisions rather than skin flaps. This was done to minimize wound length and therefore the risk of cerebrospinal fluid (CSF) leakage and to ensure that exiting cables did not lie under the incision. These decisions were made by the senior author as being regarded as ''best practice'' rather than as a result of available evidence. The craniotomy was tailored in each patient according to the predetermined grid size and to the cortical area to be studied in an attempt to keep size to a minimum, and a free bone flap was elevated.
After opening of the dura, electrodes were placed in the subdural space according to the preoperative implantation plan and with the help of neuronavigation. Electrode cables were then tunneled under the skin and fixed with a simple stitch. When depth electrodes were used, they were inserted free hand to explore mesial temporal structures or deep-seated lesions and were brought out through the subdural grid.
During closure, a watertight closure of the dura was attempted; since 2002, we have also used a dural graft matrix (Duragen, Integra Life Sciences, Plainsboro, New Jersey) to increase the efficacy of closure. The bone flap was replaced and fixed rigidly with absorbable sutures, and the scalp was closed in layers without subgaleal drainage. The electrode cables were brought out through the skin by using an intravenous access device to minimize the size of the skin puncture. A head bandage was then applied.
Postoperative Care
After reversal of anesthesia, a postoperative 3-dimensional CT scan was done to allow image fusion with the preoperative MRI to precisely locate the anatomic location of the electrodes while excluding any immediate complications. The patient was then taken to the telemetry unit, and recordings were begun immediately and continued until enough data were acquired to allow a surgical decision to be made or until an adverse event occurred that required grid removal. Our policy was not to give antibiotics or steroids during the period of invasive recording unless specifically indicated by the suspicion of either infection or cerebral swelling.
Resective Surgery
When resection of the identified epileptogenic zone was indicated, it was performed at the time of electrode removal, once again with neuronavigation. This followed analysis of the data obtained from the implantation and the cortical stimulation (when this had been performed) and after full discussion with the family to enable informed consent. During this second-stage procedure, the operative site was carefully inspected for signs of infection, and microbiology swabs were taken from all layers and sent for culture.
Statistical Analysis
Four types of adverse event were identified: CSF leakage, which was defined as an event lasting . 24 hours and requiring intervention (usually with a stitch); infection, which was defined as a clinical or microbiological (systematic wound swab) finding requiring antibiotics; hemorrhage, either symptomatic or detected on scan; and cerebral swelling, with symptoms of elevated intracranial pressure and neurological deficit with radiological features. 8 Any adverse event occurring in our unit is recorded prospectively at a weekly surgical audit and graded according to severity as previously reported. 9 The grades are as follows: grade 0, no adverse event; grade 1, an adverse event that does not result in prolongation of the hospital stay; grade 2, an adverse event prolonging the hospital stay; grade 3, an adverse event causing a reduction in the Glasgow Coma Score with or without prolongation of the hospital stay; and grade 4, an adverse event resulting in death. The frequency of each type of adverse event was calculated and the impact assessed in terms of whether the invasive recording was stopped prematurely or an unplanned surgical procedure was required (removal of grids, evacuation of hematoma, wound debridement, or delayed cranioplasty).
Univariate analysis (x 2 test or Mann-Whitney test) was performed to identify predictors of adverse events among age at surgery, length of invasive recording, number of electrodes, presence of depth electrodes, and histology. Because only 1 variable was found to be statistically significant, we did not perform multicomponent analysis.
We also assessed the success of the procedure in achieving functional cortical mapping and, most important, in localizing the epileptogenic zone. Because the purpose of this study was not to find predictors of epilepsy surgery success with invasive recordings, we did not analyze the epilepsy outcome depending on the preoperative MRI (nonlesional epilepsy), presence of multifocal seizures, and proximity of the onset zone to the eloquent cortex.
Eventually, seizure outcome after surgical resection was determined with the modified Engel classification. 7 
RESULTS
Patient Characteristics
A total of 95 patients were operated on between 1995 and 2009. There were 50 girls and 45 boys (female/male ratio, 1.11).
Mean age at surgery was 10.8 years (range, 0.7-18.5 years; SD, 4.7 years). Of the 95 patients, 5.3% were , 2 years of age (5 patients), 9.5% were between 2 and 5 years of age (9 patients), 28.4% were between 5 and 10 years of age (27 patients), and 56.8% were . 10 years of age (54 patients). Mean age at the time of the first seizure was 3.4 years (range, 3 days-12 years; SD, 3.3 years). Mean number of seizures per month was 239.5 (range, 1-1000; SD, 239).
Surgery
A total of 95 subdural grid recordings (SDRs) were carried out over a period of 14 years. Mean number of invasive recordings was 6 cases per year (range, 2-12). This variability was due initially to the experience of the surgical team and then to the availability of funding for the program.
The mean number of grids or strips implanted per patient was 3 (range, 1-6); in general, 1 subdural grid was implanted with $ 1 subdural strips. A depth electrode was placed in 31 of the 95 patients. The mean number of electrode contacts per patient was 52 (range, 6-92), thus offering extensive cortical sampling for both identifying the epileptogenic zone and mapping functional areas.
The mean length of video electrocorticography recording was 7 days (range, 1-22 days; SD, 2.5 days).
Adverse Events
The SDR was uneventful for 51.1% of the patients (49 patients; Figure 1 ), whereas 19.1% (18 patients) had a grade 1 event, 13.8% (13 patients) had a grade 2 event, and 16% (15 patients) had a grade 3 event. Therefore, 29.8% (28 of 95 patients) experienced a complication that prolonged their hospital stay. Twenty percent of children , 2 years of age were reported to have an adverse event compared with an incidence rate of 50% in children . 2 years of age.
Of the 46 patients who experienced an adverse event, unplanned surgery had to be performed in 17 cases. The SDR was shortened in 11 of these cases (because of hemorrhage [n = 9] or brain swelling [n = 2]). No permanent neurologic deficits were incurred as a result of any adverse event associated with invasive recording, and no deaths occurred.
Frequencies of the different adverse events were as follows: subdural hemorrhage in 17% of the patients (9 of 16 required surgical evacuation), wound infection in 14.9% of the patients (14 patients: 4 had wound debridement, 2 had osteomyelitis requiring cranioplasty, 8 had positive wound swab at resective surgery that was not symptomatic otherwise and was treated with antibiotics only), CSF leak in 10.6% (10 patients), and symptomatic brain swelling in 6.4% (6 children [2 required removal of the grids]) (Figure 2) .
When looking for predictors of adverse events, we found the following results. First, there was no correlation between the age at SDR and the overall risk of presenting a complication (MannWhitney test, P = .57). Interestingly, brain swelling tended to occur in the older patients (Mann-Whitney test, P = .01); no patient , 5 years of age had cerebral edema. Second, the length of the recording was significantly shorter (Mann-Whitney test, P = .05) in cases when a complication occurred (7.5 6 0.24 vs 6.7 6 0.46 days), particularly for the hemorrhage group (P = .03). However, this was related to interruption of the recording consequent on surgical treatment of the complication. On the other hand, occurrence of CSF leak or infection was not the consequence of a longer duration of recording (P = .17 and P = .14, respectively). Leakage of CSF has efficiently been stopped as a complication since 2002 with the introduction of collagen matrix above the dura (Figure 3) . Third, the number of contacts (which is indicative of the area of cortex covered) was not a predictive factor of adverse events (Mann-Whitney test, P = .73); neither was the presence of depth electrodes (x 2 test, P = .84).
Results of the EEG Monitoring and Seizure Outcome
Functional cortical mapping with electrical cortical stimulation was achieved in 71.6% of the cases (n = 68 patients). Successful recording of seizures allowing identification of localized or regional seizure onset zone was achieved in 68.9% of patients (n = 67 children), whereas hemispheric lateralization was achieved in only 12.2% (n = 11 cases). Invasive recording was considered inconclusive in 18.9% (n = 17 patients); nevertheless, epilepsy surgery was performed in 12 of 17 patients because the preoperative MRI was suggestive of a lesion. Figure 4 summarizes the outcome according to the results of the invasive recording.
Surgical resection of the presumed epileptogenic zone was performed at the time of electrode removal in 89.4% of cases (n = 85 children). Among patients who were not operated on, 5 patients were not operated on because the epileptogenic zone was in close relation to eloquent cortical areas as demonstrated by functional mapping, and in 5 cases, the invasive recording failed to delineate a circumscribed epileptogenic zone (2 patients had early removal of the grids because of hematoma).
Histological diagnosis was as follows: cortical dysplasia in 37.8%, not specific or gliosis in 21.1%, dysembryoplastic neuroepithelial tumor in 17.6 %, miscellaneous tumors in 14.1%, cortical tuber (tuberous sclerosis) in 4.7%, and hippocampal sclerosis in 4.7%. Considering the outcome of the patients operated on before 2009 (n = 90 of 95 patients), results were as follows after correction for 5 patients lost to follow-up: 40.5% in Engel I (n = 34 children), 9.5% in Engel II (n = 8 patients), 17.9% in Engel III (n = 15), and 22.6% in Engel IV (n = 19) with a mean follow-up of 3.8 years (range, 1-12.4 years). Eight patients (8.5% of cases) were not operated on before 2009. There was a significant relation (x 2 test, P , .05) between the outcome and the localizing accuracy of the invasive recording, as shown in Figure 4 .
DISCUSSION
We report the second largest published series of intracranial EEG recording in children with subdural grids performed in a single center by the senior author. There was no death or permanent neurological deficit related to the procedure. Nevertheless, 1 in 2 children experienced an adverse event during their hospital stay, with 29.8% of the patients having an increase in their hospital stay. This apparent high rate of adverse events can also be explained by the methodology we used. Analysis of the data was retrospective, but exhaustive recording of the complications was done prospectively on a weekly basis in the department in a dedicated database, thus decreasing the inaccuracy that sometimes exists in a retrospective review of the patient notes. It is well recognized that such an approach records a higher rate of adverse events than is achieved retrospectively.
Our rate of CSF leaks (10.6% of the patients) is comparable to the data published (Table) , ranging between 0% and 32.8%. 11, 13, 15 Cerebrospinal fluid leak was not followed by an increase in infection rate, and none of our patients experienced meningitis. Since 2002, we have used Duragen collagen matrix as an on-lay over the dura, resulting in a dramatic stop of this complication. Collagen matrix sponges have been used with a success rate of 95% for treating CSF leaks after dural tears in spine surgery. 16 This collagen matrix provides a low-pressure absorptive surface to diffuse any CSF and attaches the dura via surface tension. Moreover, collagen has hemostatic properties that initiate clot formation, resulting in chemical sealing. Other authors have proposed reinforcing skin closure at the exit site of the wires of the electrodes with either a double purse stitch technique or collodion. 12, 14, 15 Second, our infection rate (14.9% of the patients) is concordant with those reported in the literature, between 2.4% and 15.6%. 11, 14 Regarding the role of antibiotic prophylaxis, a prior study on 350 patients compared the infection rate with (n = 175 patients) or without (n = 175) antibiotics and did not show any statistically significant difference between the 2 groups. 17 More recently, a study has shown that the duration of antibiotic prophylaxis did not correlate with the infection rate. 18 However, in the pediatric literature, the centers using antibiotics throughout the EEG recording period seem to have a lower infection rate than ours (2.4%-8.57%). 10, 12, 14, 15 Since SDR began in our hospital, we have followed hospital policy in not giving prophylaxis other than at induction of anesthesia, but we are currently discussing this policy with our infectious disease team. In our series, 8 of 16 patients were treated with antibiotics because of positive wound swab during resection surgery without any clinical sign. Therefore, our rate of infection may be overestimated (6.3% had clinical evidence of wound infection).
Third, subdural hemorrhage occurred in 17% of cases and led to interruption of the recording because of lower quality and amplitude of the EEG recording or because of symptoms of raised pressure or neurological deficit. It was not linked to a ''learning curve'' because there was no variation of its incidence during the course of the study. Because our patients had many antiepileptic drugs that could affect hemostasis, clotting studies were performed before implantation in every case and, if necessary, corrected before surgery with fresh-frozen plasma. Nevertheless, we never changed the antiepileptic drug regimen of our patients because we believed that the risk of severe seizures or status epilepticus was higher than the surgical risk of bleeding. To avoid tearing of bridging veins, we performed wide craniotomies to have visual control of the edges of the grid rather than trying to slide grids under the edge of the craniotomy without the benefit of direct vision. The Toronto group has proposed insertion of a subdural drain above the grid because they have not had any subdural hemorrhage since introduction of this technique. 8 We are currently considering this technique in our practice.
Fourth, symptomatic brain swelling represented the lowest rate among our complications (6.4% of patients). We did not use prophylactic steroids because of their known anticonvulsant effect. 19 Nevertheless, some authors found a significant reduction of CT-proven cerebral edema after the use of steroids. 8 They also proposed that this vasogenic edema can be avoided if the edges of the grids do not compress major venous drainage such as the vein of Trollard or Labbé. Because brain edema was treated only if clinical symptoms of intracranial hypertension occurred, we think that the systematic use of corticosteroids is not appropriate in terms of the low rate of this event in our series. Our results also acknowledge a population at risk; cerebral edema was more frequent (P = .01) in older children. This could be explained by differences in cerebral compliance with aging. Moreover, opened fontanelles and nonfused sutures could decrease the mass effect induced by the grids in children , 2 years of age. This still has to be demonstrated in the future because of the small sample of children , 2 years of age in our cohort (5 patients). Improving brain swelling rates might require the introduction of steroids in older patients.
Fifth, invasive recordings were not conclusive in 17 cases in terms of seizure localization. In 12 patients, resections were nevertheless carried out on the basis of the presence of an MRI lesion and, when appropriate, confirmation that the resection could be carried out safely with cortical stimulation during the recordings. Because seizure outcome is slightly worse for these patients than for those who had a localized seizure onset zone, we admit that a second invasive recording might have been a good option. However, we also would like to emphasize that noninvasive brain mapping for children is all the more difficult in that these patients have cognitive deficits and attention disorders that render functional MRI particularly challenging to perform. Therefore, the data obtained with the subdural grid brain mapping were already of great help for the planning of the surgery.
Eventually, we did not find any correlation between the number of contacts used or the duration of EEG recording and an increase in the rate of adverse events, which is in accordance with the pediatric series from St. Louis Children's Hospital. 14 This was not the case in other published articles that showed a correlation between a higher number of electrodes and adverse events such as positive epidural bacterial cultures or increased blood loss and transfusion. 10, 12, [18] [19] [20] Nevertheless, it should be noted that during our series the number of electrodes was purposely kept to a minimum (compared with a mean of 95 electrodes per patient in the Toronto group), and this may have had an influence on this aspect of the results.
Invasive EEG monitoring brings invaluable information before surgical resection. Preoperative evaluation in young children with cognitive disorders does not, in most cases, permit the use of functional MRI mapping of the motor cortex or language network. Invasive monitoring can map the eloquent cortical areas with cortical stimulation. [21] [22] [23] On the basis of these results, we did not perform resection of the epileptogenic zone in 5.3% of our patients to prevent unacceptable permanent severe neurological deficits. Regarding seizure outcome, 40.5% of patients were seizure free, and 80% of the children had . 50% reduction of the seizure frequency (Engel I-III). This is comparable to data published on extratemporal lobe epilepsy, with seizure freedom obtained in 50% of the cases.
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CONCLUSION
Intracranial EEG recordings can carry a sizeable rate of adverse events but nonetheless permit safe and effective resections of the epileptogenic zone in a patient population that is at risk because of severe epilepsy. Detailed information should be provided to the children's parents, and prevention of these complications relies on a methodical planning of the procedure in experienced centers with close follow-up of the children in the perioperative period.
The low incidence of complications in the younger age group suggests that invasive monitoring could be performed at an earlier age with lower morbidity, demonstrating yet another reason for early surgery in the presence of drug-resistant epilepsy in children.
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